We present the experimental demonstration of a new scheme for the generation of ultrashort pulse trains based on free-electron-laser (FEL) emission from a multipeaked electron energy distribution. Two electron beamlets with energy difference larger than the FEL parameter have been generated by illuminating the cathode with two ps-spaced laser pulses, followed by a rotation of the longitudinal phase space by velocity bunching in the linac. The resulting self-amplified spontaneous emission FEL radiation, measured through frequency-resolved optical gating diagnostics, reveals a double-peaked spectrum and a temporally modulated pulse structure. DOI: 10.1103/PhysRevLett.111.114802 PACS numbers: 41.60.Cr, 42.55.Àf, 42.65.Ky Radiation pulses with attosecond to femtosecond time scales represent a real possibility for a breakthrough in science and technology, permitting unprecedented insights into the ultrafast electron and nuclear dynamics [1][2][3]. The time-resolved study of electron rearrangements could lead to significant advances in the understanding of intermolecular processes, chemical bond breaking and formation, and the interaction of photoactivated molecules with their environment.
We present the experimental demonstration of a new scheme for the generation of ultrashort pulse trains based on free-electron-laser (FEL) emission from a multipeaked electron energy distribution. Two electron beamlets with energy difference larger than the FEL parameter have been generated by illuminating the cathode with two ps-spaced laser pulses, followed by a rotation of the longitudinal phase space by velocity bunching in the linac. The resulting self-amplified spontaneous emission FEL radiation, measured through frequency-resolved optical gating diagnostics, reveals a double-peaked spectrum and a temporally modulated pulse structure. Radiation pulses with attosecond to femtosecond time scales represent a real possibility for a breakthrough in science and technology, permitting unprecedented insights into the ultrafast electron and nuclear dynamics [1] [2] [3] . The time-resolved study of electron rearrangements could lead to significant advances in the understanding of intermolecular processes, chemical bond breaking and formation, and the interaction of photoactivated molecules with their environment.
Trains of ultrashort radiation pulses enable stroboscopic electron imaging [4] and the investigation of the response accompanying collective electron motion in nanomaterials [5] . They also find further applications in other technical fields, such as the enhancement of transmission or reflectivity in materials, resonant inelastic x-ray scattering, or the ab initio phasing of nanocrystals [6] .
Sequences of spikes have been synthesized by means of the high harmonic generation driven by lasers in gases [7] and regularly used in experiments [4, 8] , but are severely limited in efficiency approaching the keV range.
Free-electron lasers (FELs) are capable of producing high brightness pulses in the x-ray spectral region [9] [10] [11] [12] . The FEL, in the self-amplified spontaneous emission (SASE) mode of operation [13] , generates radiation with limited temporal coherence [14] , time duration of the order of the electron bunch length and structured in a chaotic succession of random peaks. The typical time scale of these radiation spikes is set by the FEL Pierce parameter [13] . Several techniques have been explored to increase longitudinal coherence, stability, and/or to shorten the FEL pulse time scale towards the attosecond domain. The amplification of one single SASE spike has been demonstrated by compressing the electron beam close or below the FEL coherence length [15, 16] , by using a chirped bunch energy combined with a matched undulator taper [17] [18] [19] , or by spoiling the whole electron beam except a limited fraction [20, 21] , a technique that has also been implemented to produce double pulse two-color radiation for pump and probe experiments [22] . Short single or multiple pulses have also been produced in seeded or cascaded FELs [23] [24] [25] [26] [27] , with increased coherence and shot to shot stability. More sophisticated seeding concepts [28, 29] lead to the possibility of producing single-or two-color subfemtosecond pulses in the soft x-ray's range [30, 31] , but with similar limitation in terms of gain bandwidth.
Different techniques [32, 33] , relying on concepts adapted to FELs from mode-locked cavity lasers, have been proposed for reducing the characteristic time scales of x-ray pulses beyond the FEL bandwidth limitation. They foresee the generation of trains of high peak coherent power flashes with large contrast ratio by applying a series of spatiotemporal shifts between the copropagating radiation and the electron bunch.
This Letter presents the experimental demonstration of a novel scheme for the generation of a regular short pulse sequence based on FEL lasing from a two-level electron energy distribution. The experiment was carried out at the SPARC_LAB facility [34, 35] in the IR-optical frequency range.
A double-peaked electron energy spectrum is obtained by the laser comb technique in the velocity bunching [36, 37] . The electron beam, constituted by two short and balanced bunches, is extracted from the linac accelerating section near the maximum compression. At this point, the two beamlets are temporally superimposed in the longitudinal phase space but split in energy, and characterized by a different value of the Lorentz factor i (i ¼ 1; 2). If the energy difference Á ¼ j 1 À 2 j satisfies the condition
with being the average value of the electron Lorentz factor, the FEL amplification process for the two distributions takes place independently at the respective resonance
is the deflection parameter and u the period of the undulator).
Furthermore, if the electron beam width L b is shorter than 2 times the cooperation length L c ¼ =4 ffiffiffi 3 p , then the FEL emission occurs in the single spike regime with the output radiation characterized by nearly transform-limited pulses, each with a coherent phase. Consequently, beating fringes are produced in the time domain and a train of regular pulses can be obtained. The total radiation bandwidth is now set by the electron energy separation and not by the FEL parameter , thus enabling the formation of very short temporal structures. The Fourier analysis for a spectrally double-peaked radiation pulse yields a sinusoidally varying intensity profile where the time separation of the fringes ÁT depends on the difference in energy of the bunches,
Figure 1 presents the trend of the fringe separation with the energy of the electron beam, with the perspective of reaching the attosecond domain in the x-ray regime. We also show in this same figure the shape of the spectrum and the pulse profile as obtained from GENESIS 1.3 simulations for a number N of spectral lines respectively equal to 2 and 4. In the case of N different energy distributions, the width of the fringes shrinks as 1=N, due to a gratinglike effect. Because of the fact that in the SASE process the amplification starts from the initial shot noise, the time position of the interference pattern fluctuates randomly each shot, but not the spacing of the fringes. The extrapolation of the method to the UV-ray or x-ray domain could imply a number of demanding technical challenges concerning the radiation diagnostics and the beam preparation. The compression of the beamlets would suggest the operation at low charge, where the beam dynamics during compression with velocity bunching or magnetic chicane requires a tight optimization and control of the beam line optics, and of nonlinearities such as coherent synchrotron radiation and wakefields which could lead to misalignment of the bunches or deterioration of their emission properties.
The experiment was performed with the undulator tuned at ¼ 800 nm to allow using the spectrotemporal beam diagnostics available at SPARC_LAB. The data were acquired during two experimental shifts in different compression conditions of the electron beam. The experimental parameters are summarized in Table I columns A and B.
The experimental procedure started with the generation of a comb laser beam produced by passing the laser through a birefringent -BBO crystal and characterized and composed by two pulses with time separation of about 4 ps and width of about 100 fs. The resulting, ps-spaced, electron beam was propagated along the linac (three S band cavities) and compressed by means of the velocity bunching method, extensively studied at SPARC [37, 38] , consisting of the injection of the electrons into the first 
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114802-2 accelerating structure close to the zero crossing rf field phase. Since, at this stage, the beam velocity is much lower than the phase velocity of the rf wave, the electrons slip back to phases where the field is accelerating, being chirped and compressed at the same time. The method has been applied not only with one single electron bunch, but also for the controlled compression of sequences of pulses [39] .
Subsequently, the electron beam was injected into the undulator system, consisting of six sections of 75 periods, with u ¼ 2:8 cm [40] . The optimum matching condition of the electron beam to the undulator was found by using the average values of energy and projected Twiss parameters.
The FEL radiation was characterized by means of a joulemeter, a fiber spectrometer, and a near-infrared (NIR) grating-eliminated no-nonsense observation of ultrafast incident laser light e-fields (GRENOUILLE) frequency-resolved optical gating (FROG) for the direct detection of the time-domain pulse structure. The transverse profile of the radiation pulse was regular and symmetric with a single maximum on axis. The observation of a double spectral peak structure on the spectrometer (see Fig. 2 ) and on FROG in a large fraction of the shots was the demonstration that both electron beams were lasing contemporaneously. The signal level, as measured by the Joulemeter, was always above 30 J, indicating that we were close to saturation.
In the first experimental condition (Table I , column A), the linac rf phases were set to extract the electron beam before the condition of maximum compression, when the rotation in the phase space, responsible for the energy and temporal separation of the two beams, was not completed. The experimental longitudinal phase space of the electrons, shown in Fig. 3(a) , was measured using a transverse deflecting cavity and a dispersing dipole. The partial current profiles of both bunches are shown together with the total one in Fig. 3(b) . The beamlets are overlapping only in the central part. The whole beam has a peak current of about 110 A, and 630 AE 30 fs rms pulse duration at energies of 90 MeV. The 1D FEL parameter for each single beamlet is % 4:1 Â 10 À3 . Taking into account the 0.3 MeV beamlet energy spread and 3D effects, the corrected FEL parameter is ¼ 5 Â 10 À4 , with a corresponding cooperation length L c ¼ 36 m. These parameters satisfy the single spike condition
An example of spectral measurements is shown in the first row of Fig. 4(a) , where the spectrometer (blue, dark curve) and the FROG (red, light curve) signals are presented. The wavelength interdistance observed with the spectrometer was Á ¼ 22:8 nm, corresponding to an energy difference ÁE ¼ 1:3 MeV. In 90% of the shots, the spectrum was double peaked with a preponderance of the power in the larger wavelength band, that sometimes presents structures probably due to SASE fluctuations. The analysis of the FROG traces reveals two neat spectral lines with a distance Á ¼ 17:88 nm, corresponding to an energy gap of ÁE ¼ 1:03 MeV. The first row of Fig. 5 shows one of the experimental FROG traces [5(a)] and the retrieved result [ Fig. 5(b) ], that present a satisfactory overall agreement. The measure was compared with the output of start-to-end simulations performed using T-STEP [41] and GENESIS 1.3 [42] (Table I , column B) was extracted closer to maximum compression, the two beamlets were completely overlapping, and the fringe contrast was higher than case A. Space charge effects cause the indentation of the phase space, as shown in Fig. 3(a 0 ) . In this case, almost all spectrometer shots are clearly double peaked. The separation of the peaks in the case shown in Fig. 4 , second row, was Á ¼ 23:85 nm. The FROG data are characterized by a neat two-color spectrum with Á ¼ 18:62 nm, corresponding to an energy separation value of ÁE ¼ 1:1 MeV. The average spectral rms width of the single lines was Á 1;2 ¼ 3:2 AE 0:7 nm. A Fourier limited pulse with this bandwidth should have a characteristics time scale of about 500 fs. The measured time structure of the whole pulse is instead noticeably shorter, with the fringe separation ÁT ¼ 91 fs, the average value over all the events being ÁT ¼ 110 AE 26 fs. The fringe rms width is Át f;rms ¼ 22:5 fs with average value Át f;rms ¼ 31:5 fs. When only two different pulses are used in this scheme, the expected temporal modulation is sinusoidal so that the rms width of the power temporal spikes is expected to be about one-third of their relative spacing. The experimental averaged values of the fringe separation ÁT (fs) of both working points agree with the previsions in Fig. 1 , confirming the analytical scaling.
In this Letter we presented experimental analysis of the SASE emission of two simultaneous electron bunches separated in energy by a relative difference larger than . The output radiation pulses, as measured by FROG diagnostics, present a time structure not limited by the single beam amplifier bandwidth. The method, which has been applied to the SPARC FEL for the generation of IR radiation with a regular short time modulation, can be extrapolated to the production of subfemtosecond pulses in the x-ray's range. A larger number N of electron bunches could in principle be used to further shorten the duration of the pulses, taking advantage of the gratinglike effect. The development of such schemes is of significant importance since it offers a promising avenue for the femtosecond to attosecond science and nanotechnology at short wavelength FEL.
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